Renewable neurosphere formation in culture is a defining characteristic of certain brain tumor initiating cells. This retrospective study was designed to assess the relationship among neurosphere formation in cultured human glioma, tumorigenic capacity, and patient clinical outcome. Tumor samples were cultured in neurosphere conditions from 32 patients with glioma, including a subpopulation of 15 patients with primary glioblastoma. A subsample of renewable neurosphere cultures was xenografted into mouse brain to determine if they were tumorigenic. Our study shows that both renewable neurosphere formation and tumorigenic capacity are significantly associated with clinical outcome measures. Renewable neurosphere formation in cultured human glioma significantly predicted an increased hazard of patient death and more rapid tumor progression. These results pertained to both the full population of glioma and the subpopulation of primary glioblastoma. Similarly, there was a significant hazard of progression for patients whose glioma had tumorigenic capacity. Multivariate analysis demonstrated that neurosphere formation remained a significant predictor of clinical outcome independent of Ki67 proliferation index. In addition, multivariate analysis of neurosphere formation, tumor grade and patient age, demonstrated that neurosphere formation was a robust, independent predictor of glioma tumor progression. Although the lengthy duration of this assay may preclude direct clinical application, these results exemplify how neurosphere culture serves as a clinically relevant model for the study of malignant glioma. Furthermore, this study suggests that the ability to propagate brain tumor stem cells in vitro is associated with clinical outcome. STEM CELLS 2009;27:980-987 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
Glioma is the most common malignant brain tumor and glioblastoma multiforme (GBM) is the most common class of primary glioma [1] . Despite advances in surgery, radiotherapy, and chemotherapy, median survival from time of diagnosis for GBMs remains 15 months [2] .
Neural stem cells were originally characterized and identified by their growth as neurospheres in minimal medium containing growth factors [3, 4] . Numerous studies have used this culture system to cultivate neural stem-like cells from primary brain tumors [5] [6] [7] [8] [9] . These cells have the capacity to selfrenew, produce neurospheres, and differentiate into cell types present within the tumor of origin. These neurosphere forming cells are often termed ''brain tumor stem cells" because of their capacity, upon xenotransplantation into immunodeficient mice, to form gliomas that reflect the histopathological heterogeneity of the parental tumor [5, 10] .
Neurosphere assays are commonly used to uncover more relevant brain tumor biology than traditional culture conditions. However, the link between this biology and clinical behavior has yet to be established. Here, we demonstrate that the ability of brain tumors to give rise to multipassaged Author contributions: D.R.L.: conception and design, data analysis and interpretation, manuscript writing; Michael Masterman-Smith: collection and/or assembly of data, manuscript writing; K.V.: collection and/or assembly of data; B.A.: collection and/or assembly of data; N.M.O.: collection and/or assembly of data; I.F.: collection and/or assembly of data; W.H.Y.: provision of study material, collection and/or assembly of data; H.V.V.: provision of study material, collection and/or assembly of data; L.M.L.: provision of study material or patients, collection and/or assembly of data; J.A.L.: provision of study material or patients, collection and/or assembly of data; P.S.M.: provision of study material or patients, collection and/or assembly of data, conception and design, manuscript writing; T.F.C.: provision of study material or patients, collection and/or assembly of data, conception and design, manuscript writing; S.H.: data analysis and interpretation, manuscript witing; H.I. neurosphere cultures ex vivo is significantly associated with clinical outcome in a cohort of 32 glioma patients as well as a subpopulation of 15 patients with primary glioblastoma. Similarly, there was a significant hazard of progression for patients with glioma whose cultured tumors had tumorigenic capacity when compared with those whose tumors either did not grow or did not form tumors. Neurosphere formation remained a significant predictor of clinical outcome, independent of the Ki67 labeling index. In addition, multivariate analysis demonstrated that neurosphere formation was a predictor of glioma tumor progression, independent of tumor grade and patient age. These data demonstrate that in vitro growth of neurospheres reflects the clinical severity of gliomas as measured by patient outcome.
MATERIALS AND METHODS

Clinical Data and Tumor Collection
Brain tumor samples and follow-up data for 32 patients with glioma were collected following surgical resection under institutional review board-approved protocols between 1999 and 2008 and graded by the neuropathologist in accordance with World Health Organizationestablished guidelines [11] . The cohort included 27 primary tumors and five recurrent tumors with 17 grade 4 (glioblastoma), eight grade 3, 4 grade 2, and 3 grade 1 (for patient characteristics, see Table 1 ). The percentage of tumor cells labeled by Ki67 immunostaining was estimated semiquantitatively in the areas of highest staining (maximum observed percentage) by two neuropathologists.
Cell Culture
Tumors were cultured as described previously [6] in Dulbecco's modified Eagle's medium (DMEM)/F12 medium supplemented with B27 (Gibco, Grand Island, NY, http://www.invitrogen.com), 20 ng/ml basic fibroblast growth factor (bFGF) (Peprotech, Rocky Hill, NJ, http://www.peprotech.com), 50 ng/mL epidermal growth factor (EGF), penicillin/streptomycin (Invitrogen, Carlsbad, CA, http:// www.invitrogen.com), L-glutamine (Invitrogen), and 5 lg/ml heparin (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com). Only the first 17 cultures were also treated with leukemia inhibitory factor (20 ng/ml) as it was determined to be neither effective nor necessary. Heparin, bFGF, and EGF were added twice a week. Every 7-10 days, spheres were passaged into fresh media following either enzymatic dissociation with TryplE or chopping using an automatic chopper (Geneq). Nine of the cell culture lines underwent clonal analysis at clonal density of 100 cells/ml to avoid clumping. Staining for nestin, neuronal (TuJ1), and glial (glial fibrillary acidic protein) markers were performed as previously described [6] .
Xenograft
Animal experimentation was done with institutional approval following NIH guidelines using non obese diabetic-severe combined immunodeficiency mice (Jackson Immunoresearch Laboratories, West Grove, PA, http://www.jacksonimmuno.com). Eight renewable neurosphere cultures were xenografted into mouse brains. Several weeks before transplantation, cells were infected with a Laks, Masterman-Smith, Visnyei et al.
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lentivirus expressing enhanced green fluorescent protein driven by the phosphoglycerate kinase promoter. On the day of transplantation, spheres were dissociated using TrypLE Express (Invitrogen) followed by trituration, washed, and stained with Trypan Blue. Cells were resuspended in DMEM/F12 (Invitrogen) at a density of 100,000 live cells/ll and stored at 4 C until injection. Animals were anesthetized using isoflurane (1.5-2 vol%, mixed with oxygen). A total of 200,000 cells were sterotatically injected over 5 minutes into the neostriatum using the coordinates of 0.5 mm anterior from Bregma, 2.25 mm lateral from the midline, and 3.0 mm below the pial surface. Animals were sacrificed if symptomatic or, at the latest, 4 months after transplantation. Following perfusion and postfixation with 4% paraformaldehyde, brains were sectioned on a cryostat prior to counterstaining nuclei with Hoechst or ethidium bromide and visualization under fluorescence microscopy.
Statistical Analysis
Time to survival (TTS) was determined by the duration of life from the date of surgery using death certificates and the social security death index. Time to progression (TTP) was determined by the duration of progression-free survival from the date of surgery until recurrence, death, or, if progression-free, until the last follow-up date. Renewable neurosphere formation status and tumorigenic capacity were defined as binary variables as described later. As 23 patients in this open population were still alive at the time of this study, survival analysis was used to take into consideration the censored nature of the outcomes. TTS and TTP were related to the explanatory variables using a Cox proportional hazards model as implemented in Stata 8.0 (StataCorp). This analysis was performed in the full cohort of glioma and within the subpopulation of glioblastoma. Multivariate Cox regression models were performed to control for grade, age, and Ki67 measurement values. The maximum observed percentage of Ki67 staining was treated as a continuous variable. All p-values were two-sided and p < .05 was considered significant. To visualize the survival distribution, we used Kaplan-Meier plots.
Inclusion Criteria
Only those patients who underwent full treatment, including chemotherapy and radiation therapy for GBMs, were included. Patients who died of unrelated causes were excluded. Cultures maintained for at least three passages were considered to be capable of renewable neurosphere formation. Thirty-one of the 32 cultures grew as neurospheres, but one grade 3 tumor sample grew adherently. As this culture could be continuously passaged under ''neurosphere'' conditions, it was included in the neurosphere formation group. One tumor was obtained and initially cultured for several weeks in 10% fetal calf serum prior to placement in neurosphere media. This tumor was included as it formed neuropheres that could be passaged long-term in culture, indistinguishable from other cultures. Tumorigenic capacity was measured in a subpopulation of 26 gliomas; 8 renewable neurospheres were xenografted. The tumorigenic capacity of six xenografts that did form tumors (tumorigenic capacity ¼ yes) was compared with the two xenografts that did not form tumors as well as to the 18 gliomas that did not form renewable neurosphere cultures (tumorigenic ¼ no). Patients whose gliomas formed continuous neurosphere cultures but were never xenografted were considered unknowns and were not included in the analysis of tumorigenic capacity.
RESULTS
In this cohort of 32 glioma patients who underwent full treatment, the mean patient survival time was 580 days and the mean progression-free survival time was 439 days. Nine out of the 32 patients died before the last date of analysis. Fourteen of the 32 tumor samples formed renewable cultures under neurosphere conditions. In the subpopulation of 15 primary GBM, the mean patient survival time was 416 days and the mean progression-free survival time was 295 days. Five of the 15 patients died before the last date of analysis. Eleven out of the 15 tumor samples formed renewable cultures under neurosphere conditions. Consistent with their similarities to neural progenitor cultures and with previous studies [5, 6, 8, 12] , the neurosphere cultures we used had cells with the capacity to self-renew and undergo at least partial multilineage differentiation. We performed quantitative clonal analysis on nine neurosphere cultures and found them capable of producing new neurospheres with a frequency of 2-24% of the cells plated (not shown). These neurosphere cultures generally Coronal section through the striatum shows enhanced green fluorescent protein expressing human glioblastoma cells forming a tumor mass (arrow) in the injected (right) hemisphere. The xenograft here exhibits a highly infiltrative character that is typical of high-grade glioma. Major routes of infiltration from the injected hemisphere to the contralateral side are the cc and the ac. Section was pretreated with RNase and counterstained with ethidium bromide (red). Typhoon Scanner image, at 10 lm resolution. Scale bars ¼ A, 200 lm; B, 32 lm; C and D, 50 lm, E and F, 133 lm; and G, 800 lm. Abbreviations: ac, anterior commissure; cc, corpus callosum; CPu, caudate putamen (striatum); Ctx, Cortex; EC, external capsule.
expressed the intermediate filament nestin (Fig. 1A and 1B) . When plated on adhesive substrate following removal of growth factors, cells with antigenic properties of neurons and glia were present ( Fig. 1C and 1D ) albeit in varying proportions from tumor to tumor. For some tumors, cells with antigenic characteristics of both neurons and glia were present, as previously described [6, 7] and shown in Figure 1 .
Six out of the eight intracranial neurosphere xenografts formed tumors in the mouse brain (Fig. 1E--1G ). These tumors infiltrated into the surrounding tissue in a manner that is characteristic of high-grade glioma. All of the tumor-initiating neurosphere cultures originated from GBMs. Five originated from primary GBM and one from a recurrent GBM. The two xenografted neurosphere cultures that did not initiate tumors were also primary GBMs.
Associations among renewable neurosphere formation, tumorigenic capacity, and clinical outcome measures were examined using Cox proportional hazards models (Table 2 ). In the full population of glioma (n ¼ 32), renewable neurosphere formation was significantly associated with a 7.71 hazard of death (p ¼ .013) and a 5.83 hazard of progression (p ¼ .002). These significant associations persisted in the subpopulations of adult glioma (n ¼ 30) and primary glioma (n ¼ 22) (Table 2) .
To control for the effects of tumor grade on survival, a subsequent analysis was restricted to the subpopulation of grade 4, primary GBM patients (n ¼ 15). In this small subpopulation, renewable neurosphere formation was significantly associated with a hazard of death (hazard ratio [HR] >10, p < .001) but not progression (Table 2) . Table 2 reports the 95% confidence intervals of the hazard ratios. In glioma (n ¼ 26), tumorigenic capacity was significantly associated with a 3.99 hazard of progression (p ¼ .021). This significant association persisted in the subpopulations of adult glioma (n ¼ 24, p ¼ .026) and primary glioma (n ¼ 22, p ¼ .034) but not in the group of GBM (n ¼ 11) ( Table 2) . Figure 2 shows Kaplan-Meier curves displaying the proportion of patient survival as a function of days from surgery. These graphs represent fitted values from the Cox regression model and the inferences that follow are based on these fitted values. After 2 years, in the full cohort of glioma, the group with neurosphere formation had 31% survival, whereas the group without neurosphere formation had 86% survival. After 2 years, in the subpopulation of primary GBM, the group with neurosphere formation had 48% survival, whereas the group without neurosphere formation had 100% survival.
Kaplan-Meier curves displaying the proportion of progression-free survival as a function of days from surgery are shown in Figure 3A . After 2 years, in the full cohort of glioma, we found that the group with neurosphere formation (neurosphere ¼ 1) had 0% progression-free survival, whereas the group without neurosphere formation (neurosphere ¼ 0) had 37% progression-free survival. The median duration of progression for the neurosphere group was 370 days, whereas the median duration of progression for the non-neurosphere group was 700 days. After 2 years, in a cohort of glioma (n ¼ 26), the group with tumorigenic capacity (tumor ¼ 1) had 2% progression-free survival, whereas the group without tumorigenic capacity (tumor ¼ 0) had 35% progression-free survival (Fig. 3B) . The median duration of progression for the tumorigenic group was 350 days (Fig. 3B) , whereas the median duration of progression for the non-neurosphere group was 620 days.
The maximum observed percentage of Ki67 measurement values was significantly associated with neurosphere formation in the full population of gliomas (t-test, p < .001) but not in the subpopulation of GBM. Ki67 levels were also significantly associated with tumorigenic capacity in the full population of gliomas (t-test, p ¼ .0351) but not within GBM. In addition, Ki67 levels were associated with both patient survival (HR ¼ 1.04, p ¼ .05) and progression (HR ¼ 1.03, p ¼ .017). Within the subpopulation of glioblastoma patients, Ki67 was not associated with either clinical outcome.
Multivariate Cox regression models demonstrate that neurosphere formation status remained a significant predictor of patient survival (HR ¼ 17, p ¼ .049) and progression (HR ¼ 4.7, p ¼ .034) even after adjusting for Ki67 staining. In contrast, Ki67 staining was not a significant predictor of clinical outcome in the multivariate Cox model after adjusting for neurosphere formation. Therefore, neurosphere formation status was independent of Ki67 and a more robust predictor of clinical outcome.
To determine the most robust prognostic variables, we carried out multivariate Cox proportional hazards regressions, adjusting for tumor grade and patient age within the full population and for patient age and ki67 within the GBM subpopulation. Within the full population of glioma, grade was the most robust, independent predictor of survival (odds ratio [OR], 3.25; p ¼ .018) ( Table 3) . Neurosphere formation was not associated with survival after adjusting for grade and age. However, within the full population of glioma samples, even after adjusting for grade and age, neurosphere formation remained a significant predictor of tumor progression (OR, 3.90; p ¼ .024) ( Table 3 ). This demonstrates that neurosphere formation is an independent predictor of tumor progression. The other two explanatory variables were also demonstrated to be independent predictors of glioma tumor progression; tumor grade, OR ¼ 2.14 (p ¼ .020), and patient age, OR ¼ 0.972 (p ¼ .049) ( Table 3 ). Within the subpopulation of primary glioblastoma, neurosphere formation was not associated to progression or survival after adjusting for age and Ki67.
DISCUSSION
This study provides evidence of an inverse correlation between clinical outcome and both neurosphere growth and tumorigenic capacity of cultured human glioma. Even within the most malignant tumors of grade 4, GBM patients, and despite the relatively small sample size used, renewable neurosphere formation distinguished a subpopulation with a highly significant increased hazard of death. This study demonstrates that the ability to form multipassaged neurospheres reflects the clinical severity of malignant gliomas and lends credence to this culture system as an in vitro model of brain tumors.
Only GBM patients who underwent full treatment (both chemotherapy and radiation therapy) were included in this study. Although it may have introduced a selection bias into our cohort, this criterion was used because the course of treatment is expected to affect clinical outcome and, therefore, to compare those patients who underwent full therapy with those that did not would have compromised the uniformity of our target population.
The use of the neurosphere culture system as a model for brain tumors has been supported by the capacity of neurosphere-generated cells to form tumors with many features of the parent tumor as shown here and previously [5, 9, 10] . As all of the xenografted samples had first been passaged in vitro as neurosphere cultures, tumorigenic capacity is not an independent variable from neurosphere growth, but it is still an important validation of the relevance of the method used. Neurosphere cultures have a capacity to form xenografted tumors that is superior to unselected patient-derived cultures grown in serum [9] . In vivo xenograft formation is a defining characteristic of tumor-initiating cells. However, a potential concern with xenografting is that this tumorigenic capacity could be an artifact of the culture system or of an in vivo environment that does not replicate that of the human brain. Our study provides evidence that neurosphere formation and tumorigenic capacity indicate clinical features of the parent tumor.
It is important to note that we did not see a clear relationship between the ability to form xenograft tumors and clinical outcome within the GBM population. This is not entirely surprising, since our study did not examine tumorigenesis in a quantitative fashion but rather asked a simple ''yes/no'' question. The sensitivity of our assays may have been limited by small sample size. Further study on a larger cohort will be needed to resolve these issues. Another important caveat is that, although current and previous studies demonstrate the tumorigenicity of neurosphere cultures, they do not prove that neurosphere-derived tumors are the single best xenograft model. Another means to reliably and repeatedly obtain tumors that reproduce the molecular and pathological features of the parent tumor is through the serial subcutaneous transplantation of tumor tissue in immunosuppressed mice [13] . It will be interesting, in the future, to directly compare the tumors derived from these different methods of amplification and determine whether one model or the other provides a more accurate portrayal of the patient tumor and its behavior during the course of therapy.
A key question is whether the ability to form neurospheres reflects the number or aggressiveness of cancer stem cells within the tumor prior to resection. Previous work has suggested that the expression levels of genes and proteins associated with brain tumor stem cells, such as nestin [14] and CD133 [15] within brain tumors are correlated with clinical severity. Phillips et al. [16] demonstrated that subclasses of gliomas with gene signatures highly associated with neural stem cells are associated with a poor prognosis. Furthermore, in oligodendrogliomas, neurosphere formation is greater in the subset of tumors that have a poor prognosis [17] . Thus, there is at least some correlation between stem cell-associated features and clinical outcome in brain tumors. Our data provide further links between the biological capacity of brain tumor stem cells and patient outcome. It is likely that our cultures are the product, to at least some degree, of the propagation of brain tumor stem cells. They are passagable for long periods of time and remain tumorigenic. Thus, the correlation between neurosphere formation and clinical severity is consistent with, but does not prove the hypothesis that poor prognosis is associated with brain tumor stem cell activity. Clonal studies accompanied by xenografts with appropriately small numbers of cells will be needed to test this hypothesis.
For this study, we used a phenotypic selection-the ability to grow in neurosphere media-for neural stem-like cells, rather than using cell sorting before culturing. Although studies have demonstrated that brain tumor stem cells isolated from many malignant gliomas express CD133 on their surface [8, 18] , there are now reports of tumors where this is not the case [19] . Furthermore, in our experience, cell sorting negatively influences our ability to produce long-term, viable cultures from primary brain tumors (not shown). Although the methods we used have the drawback of resulting in starting material that may not be highly enriched in brain tumor stem cells, we [6, 20] and others [9, 21] have found them useful in capturing a highly significant self-renewing and tumor-initiating cell population or populations. On the other hand, it must be noted that our inability to grow long-term sphere cultures from certain patients does not confirm the absence of cancer stem cells in those tumors. It is possible that cancer stem cells from certain tumors have different growth requirements than the conditions used here.
One question raised by experiments with tumor-derived neurospheres is whether by examining sphere formation, we are actually examining and recapitulating the previously identified process of anchorage-independent growth. It has long been known that anchorage-independent growth is correlated with tumor aggressiveness and tumorigenicity [22] [23] [24] [25] [26] in certain tumor types, although we have not encountered studies of low passage, patient-derived glioma samples. We do not feel that the results of this study are merely a reflection of the anchorage-independent growth properties of cultured gliomas. Instead, the neurosphere cultures being studied are most likely a result of selection for a highly significant population of cancer stem cells and their progeny. The cells that are propagating have the capacity to both divide in a seemingly selfrenewing manner and give rise to progeny with multilineage differentiation potential-the hallmarks of stem cells. It is likely that this selection occurs as a result of the serum-free medium containing supplements and growth factors, rather than simply anchorage independence. We do not routinely observe significant sphere formation in media that omits EGF and bFGF [6] . Furthermore, cells grown in serum not only do not form neurospheres in uncoated plates, but they also do not form tumors after xenotransplantation. Finally, anchorageindependence is not a requirement for passaging neurosphere cultures with tumorigenic capacity under our conditions as at least one of our lines reported in this study grew as attached cells, and we have grown very similar cells on a variety of substrates (not shown).
Multivariate Cox regression analysis in the full glioma population shows that neurosphere propagation was a significant, prognostic factor for tumor progression that is independent of age and grade (Table 3 ). This no longer holds when considering survival time as the clinical outcome. Specifically, neurosphere formation is no longer significant when grade is added as covariate in a multivariate Cox model. The following reasons may explain why neurosphere is no longer a significant predictor of survival after adjusting for grade. First, neurosphere formation may capture the same information as grade. This is possible because the Spearman correlation between neurosphere status and grade is significant (r ¼.60, p < .001). Second, the sample size may be too small to establish the predictive capacity of neurosphere formation within each tumor grade.
Yet, we cannot say that grade is a confounder in our association between neurosphere formation and survival. Grade and neurosphere formation are not different exposures but rather different diagnostic criteria. Although grade is a more significant predictor of survival than neurosphere formation, neurosphere formation is still significantly correlated with survival. Only when the association is adjusted for grade does the association disappear. The correlation between neurosphere formation and survival remains significant when adjusted for age alone. Why does the adjustment for grade obviate the correlation between neurosphere formation and survival? This may be the result of a small population size. Alternatively, this may be a true reflection that grade is more predictive of patient survival than neurosphere formation. If one assumes that the neurosphere assay is an assessment of cancer stem cell content, then one might hypothesize that our results suggest that cancer stem cell content is more predictive of tumor progression than it is of patient survival. These results make intuitive sense as the cancer stem cell hypothesis posits that cancer stem cells are directly and primarily responsible for tumor recurrence while patient survival may be dependent on multiple factors including the patient's physical response to recurrence, overall health, and response to radiation and chemotherapy treatment. In other words, tumor progression may be a direct consequence of stem cell content while patient survival may be dependent on other factors as well. Further research will be needed to determine the validity of this hypothesis.
In contrast to survival, neurosphere formation had more robust associations with clinical outcome than did routine Ki67 measurement values. In multivariate analysis, neurosphere formation remained a significant predictor of clinical outcome, whereas Ki67 did not. Within the subpopulation of GBM, neurosphere formation remained a significant predictor of clinical outcome, whereas Ki67 measurement values did not. These latter findings are consistent with a previous study that found no association between Ki67 staining and clinical outcome of GBM [27] . They also demonstrate that the ability to form neurospheres is not a simple product of the overall proliferative capacity of the brain tumor at the time of resection.
CONCLUSION
In conclusion, this study demonstrates that neurosphere culture provides a unique model to investigate the role of cancer stem cells in glioma progression and severity. Here, we show that this model reflects the severity of the original patient tumor, independent of grade, age, and overall cell proliferation. Although the lengthy duration of this assay and the technical expertise required to perform it may preclude direct clinical application, these results exemplify how neurosphere culture serves as a clinically relevant model for the study of malignant glioma. Furthermore, this study suggests that the ability to propagate brain tumor stem cells in vitro is associated with clinical outcome.
